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This study aimed to demonstrate that curcumin (Cur) -containing graphene composites have high 
anticancer activity. Specifically, graphene-derivatives were used as nanovectors for the delivery of the 
hydrophobic anticancer drug Cur based on pH dependence. Different Cur-graphene composites were 
prepared based on polar interactions between Cur and the number of oxygen-containing functional groups 
of respective starting materials. The degree of drug-loading was found to be increased by increasing the 
number of oxygen-containing functional groups in graphene-derivatives. We demonstrated a synergistic 
effect of Cur-graphene composites on cancer cell death (HCT 1 16) both in vitro and in vivo. As-prepared 
graphene quantum dot (GQD)-Cur composites contained the highest amount of Cur nano-particles and 
exhibited the best anticancer activity compared to the other composites including Cur alone at the same 
dose. This is the first example of synergistic chemotherapy using GQD-Cur composites simultaneous with 
superficial bioprobes for tumor imaging. 



With the recent rapid progress in nano-biotechnology, the use of nanomaterials as drug carriers for 
cancer therapy is receiving increased attention 1,2 . Carbon nanostructures (e.g., graphene-derivatives 
and graphene quantum dots (GQDs)) exhibit favourable biocompatibility with low toxicity, excellent 
physical properties, a surface amenable to modification, improved multifunctionality, and compatibility with 
conventional graphene technology 23 . In particular, the use of graphene-derivatives is very promising for a wide 
range of biological applications, including the recent development of GQD-based bioprobes for tumor imaging 4,5 . 
However, existing drug carriers including proteins, amphiphilic block copolymers, lipids, and inorganic nanoas- 
semblies are associated with a number of drawbacks including undesirable burst drug release and premature drug 
leakage due to limited stability 6,7 . It was recently demonstrated that graphene materials can be loaded with 
aromatic ring- containing anticancer drugs such as doxorubicin (DOX) and camptothecin (CPT) with ultrahigh 
efficiency 3,812 . Graphene-oxide-derivative-Cur composites have also been reported to have anticancer activ- 
ity 13,14 , but they are neither very effective nor easily produced. Indeed, their use has not been demonstrated in 
a real application, i.e., treating tumours or inhibition of tumor growth, and their drug-loading capability is low, 
suggesting that they are not ideal for clinical applications. There have also been reports of graphene quantum dot- 
loaded drugs, but they are not efficient and have not been shown to be useful for any real applications such as 
tumor treatment 15,16 . The use of graphene-based nanomaterials deserves attention in order to overcome this 
physiological barrier because these nanomaterials exhibit excellent adsorption properties in the bloodstream 17-19 . 
Therefore, graphene-based drug delivery nanosystems that are compatible with physiological environments are 
very desirable. As a result, the use of graphene in biomedicine is being investigated 20,21 . Of particular interest, 
recent studies have shown that graphene-derivatives exhibit excellent catalytic performance owing to the high 
surface area for producing polar interactions with oxygen-containing functional groups, which is also a signifi- 
cant factor for the enhancement of drug-loading capacity 3,9 22 . In the search for pharmaceutical agents for the 
treatment of cancer, many different hydrophobic drugs such as Cur have been found to be highly effective against 
various carcinomas. However, the low solubility of these hydrophobic drugs in aqueous media hinders their 
clinical use for the treatment of cancer. 
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Motivated by the significant features of graphene, we investigated 
the effectiveness of graphene-derivative-based drug nano-composites 
for cancer therapy using graphene oxide (GO), double-oxidized gra- 
phene oxide (DGO), and GQDs as novel nanovectors for delivery of 
the hydrophobic anticancer drug Cur (Figure 1). Our results repres- 
ent the first comprehensive study of a cancer therapy using ultrahigh 
hydrophobic drug-loaded graphene derivatives based on the number 
of oxygen- containing functional groups and delivered based on pH 
dependence. We hypothesized that the increase in the number of 
oxygen- containing groups on the surface of graphene derivatives 
would lead to increased attachment of Cur. We also assumed that 
the oxygen-containing functional groups would interact effectively 
with hydrophobic Cur in basic medium to assist in formation of in- 
situ nanoparticles of Cur and the production of DGO-Cur compo- 
sites with increased anticancer activity. In addition, GQDs were 
assumed to produce GQD-Cur composites with very high anticancer 
activity, where the large amount of Cur was due to the presence of a 
large surface area with many oxygen-containing functional groups. 

Graphene-derivative Cur composites were quickly prepared 
according to a new, simple, and easy method in which Cur was 
effectively attached to the surface of graphene derivatives. Impor- 
tantly, experiments performed both in vitro and in vivo demon- 
strated that graphene derivative-based nano-composites were highly 
efficacious as cancer therapeutics. Among the graphene derivatives, 
GQD was the best composite, carrying a large amount of Cur and 
serving as a bioprobe for tumor imaging. As per our hypothesis, the 
amount of drug loading increased with an increasing number of 
oxygen-containing functional groups of graphene derivatives. 
Remarkably, GQDs exhibited an ultrahigh drug-loading capacity 
of ~40,800 mg/g, which is the highest value ever reported for a 
nanomaterial-based carrier. 

Results 

GO sheets were synthesized from graphite powder using a modified 
Hummer's method (Bay carbon, SP-2) and purified as described 
previously 23 . DGO sheets were synthesized according to a previously 



reported procedure 24 . GQDs containing additional oxygen function- 
alities were synthesized as described previously 4 . 

Preparation and characterization of graphene composites. On the 

basis of XPS analyses, the as-made GO had a low C/O ratio (2.2) 
(Supplementary Figure SI). The resulting DGO exhibited a low C/O 
ratio of ~ 1 , corresponding to an increase in the oxygen content of the 
DGO nanosheets 24 . Likewise, the as-made GQDs exhibited the 
lowest C/O ratio (Supplementary Figure SI), indicating that the 
GQDs also contained the largest amount of oxygen-containing 
functional groups. Finally, we prepared Cur-loaded composites of 
GO, DGO and GQD, which were then characterized by Fourier 
transform infrared spectroscopy (FT-IR), UV-vis absorption 
spectra, and scanning electron microscopy (SEM) analyses. Using 
FTIR spectroscopy (Figure 2a), we determined the characteristic 
absorption patterns of the different Cur functional groups on the 
graphene-derivatives and also confirmed the physical attachment 
of Cur to graphene derivatives by polar interaction. As shown in 
Figure 2a, the FTIR spectra revealed oxygen functionalities in GO 
at 3530 (O-H stretching vibrations), 1729 (C = 0 stretching 
vibrations), 1634 (C=C skeletal vibrations from unoxidized 
graphitic diamonds), and 1058 cm 1 (C-0 stretching vibrations) 25 . 
In addition, after double oxidation of GO, which produced the DGO 
derivative, the peak ratios of 3529 and 1737 cm— 1 (O-H and C = 0 
stretching vibrations, respectively) with 1116 cm -1 (aromatic C-O 
stretching vibrations) decreased, indicating that these GOs were 
functionalized with more oxygen-containing groups. The spectrum 
in Figure 2a shows the presence of C=C, C — O, C=0, and COOH 
bonds, indicating that the GQDs were functionalized with hydroxyl, 
carbonyl, and carboxylic acid groups, respectively 15 . Cur exhibited 
prominent peaks at 3510, 1510, 1276, 1152, and 959 cm 1 (Figure 2a) 
due to OH, C-O, C-H, aromatic C-O, and C-O-C stretching 
vibrations, respectively 26 . Likewise, the GO-Cur composite exhi- 
bited characteristic Cur absorption features at 1509, 1272 and 
1153 cm -1 , which was similar to that of Cur alone. The other 
composites including DGO-Cur and GQD-Cur also exhibited 
characteristic peaks around 1509, 1275 and 1154 cnT 1 , indicating 
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Figure 1 | Schematic diagram of the preparation of various curcumin-graphene composites (GO-Cur, DGO-Cur, and GQD-Cur) and their relative 
anticancer effects. 
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Figure 2 | FTIR and UV-vis spectra of different compounds, (a) FTIR spectra of GO, DGO, GQD, GO-Cur, DGO-Cur, GQD-Cur composites, and Cur. 
(b) UV-vis spectra of GO, DGO, GQD, GO-Cur, DGO-Cur, GQD-Cur composites, and Cur. 



that they also contained Cur. The intensity of O-H stretching 
vibrations for all of the composites was decreased, indicating that 
Cur was successfully grafted onto GO, DGO and GQD. 

The main UV-vis absorption peak of GO appeared at 226.5 nm 9 
(Figure 2b). In the case of Cur alone, the absorption peak appeared at 
419.2 nm 27 , whereas the peaks for DGO and GQD appeared at 286 
and 292 nm 28 , respectively. After the composite formation of Cur 
with GO, DGO and GQD, we observed a red shift relative to the Cur 
peak. Specifically, the main absorption peaks of GO-Cur, DGO-Cur 
and GQD-Cur appeared in the UV-vis spectra at —430 nm, an 

— 10 nm red shift compared with the peak for Cur only, indicating 
the formation of composites. 

Scanning electron microscopy (SEM) was used to determine the 
surface morphologies of the various graphene derivatives (Figure 3). 
GOs exhibited thin, wrinkled GO sheets in SEM images (Figure 3a). 
Likewise, the SEM-images of GO-Cur indicated that Cur was phys- 
ically attached to the GO surface. The average size of Cur nano- 
particles was —150 nm, and SEM images of the GO-Cur composite 
showed that Cur molecules were fabricated on wrinkled GO sheets 
(Figure 3e). In addition, DGO sheets appeared to form after another 
oxidation of the as-made GO (Figure 3b). SEM images of DGO 
revealed a more wrinkled morphology compared with that of GO. 
Likewise, SEM images of the DGO-Cur composite (Figure 3f) 
showed that the DGO surface had more Cur nano -particles than 
did GO-Cur (Figure 3e)The average size of the Cur nano-particles 
was —150 to —120 nm. Figure 3c shows an SEM image of GQD, 
which revealed the presence of numerous round-shaped composites 
with an average size of — 100 nm (Figure 3g), and can be compared 
with Figure 3d, an SEM image of Cur alone. Thus, SEM provided 
evidence for the formation of the composites and also revealed in-situ 
formation of Cur nano particles, the size of which decreased with an 
increasing number of oxygen functional groups. Furthermore, the 
HRTEM image in Figure 3h shows that the synthesized GQDs were 
symmetrical. Size and morphology analysis indicated that the nano- 
sized GQDs had a diameter of 3-6 nm (Supplementary Figure S2) as 
measured by HRTEM. The HRTEM images of GQD-Cur also 
revealed round-shaped Cur-encapsulated GQD composites 29 that 
were relatively larger than GQD alone, with an average size of 

— 100 nm (Figure 3g). 

GQD containing a larger number of oxygen functional groups was 
synthesized as described previously 4 . GQD exhibited excellent 
photoluminescence due to UV excitation (400 nm). Figure 4a shows 
the photoluminescent (PL) intensity of GQDs, indicating the con- 
centration-dependent PL intensity of the GQDs at an emission wave- 
length of 512 nm. However, GQD formed composites with Cur, and 
the relative PL of those composites gradually decreased with increas- 
ing amount of Cur (Figure 4b), whereas Cur alone had no PL intens- 
ity (Supplementary Figure S3). With respect to the PL intensity 



described previously, sufficient fluorescence intensity of GQDs was 
observed for three days due to their low stability in aqueous solution 4 . 
Moreover, GQD has interesting pH-dependent PL behaviours; PL 
intensity decreases in solution with a high or low pH 30 . 

A cross-sectional view of the AFM image showed —1 nm topo- 
graphic heights, clearly illustrating the presence of a single layer of 
GQDs (Supplementary Figure S4). We also measured average size 
distributions of the GO and DGO by AFM images (Supplementary 
Figure S5). The chemically- synthesized GQDs were readily water- 
dispersible due to the presence of a large number of oxygen-containing 
functional groups, which was confirmed by FTIR. Free-standing 
graphene derivatives (as-made GO, DGO and GQD) at a concentra- 
tion of 200 ug/mL were then mixed with 1 mg of Cur in alkaline 
aqueous solutions (— pH 9) under adequate stirring. The mixed 
solutions were initially turbid because of the poor aqueous dispersi- 
bility of pure Cur but gradually dissolved within a few minutes as the 
Cur nano-particles became increasingly adsorbed to the surfaces of 
graphene derivatives though interactions between Cur molecules and 
alkaline-mediated oxygen functional groups. Finally, clear solutions 
were observed because of the large amount of Cur nano-particles 
loaded onto the graphene-derivatives, forming GO-Cur, DGO-Cur, 
and GQD-Cur complexes. Centrifugation was carried out to dispose 
of residual Cur molecules that were not loaded onto the graphene 
derivatives. In brief, the as-prepared GO-Cur, DGO-Cur complexes 
were precipitated under centrifugation (14000 rpm, 20 min), while 
free Cur molecules remained in the supernatant because of their low 
molecular weight. Afterwards, the precipitate was collected and 
washed several times with DI water, while GQD-Cur complexes were 
collected by recrystallization of unattached Cur and evaporation of 
the resulting solution. 

We next quantitatively studied the loading behaviours of Cur on 
graphene derivatives in acidic to basic environments covering a pH 
range of 5-9. The concentration of loaded Cur was determined by the 
calculation of free Cur (Figure 4c). We found that the amount of Cur 
bound to graphene derivatives was pH-dependent, and that the load- 
ing factors (defined as the graphene derivative/Cur weight ratio) 
were -40.8, 38.8 and 20.8 for GQD-Cur, DGO-Cur and GO-Cur, 
respectively (Figure 4c). The loading amount of Cur gradually 
decreased from a high amount to a very low amount as the pH was 
reduced from 9 to 7.5 to 5 (Figure 4d). This trend was attributed to 
protonation and subsequent reduced interaction between Cur and 
graphene derivatives. A similar type of pH-dependent loading of 
nanomaterial-based nanocarriers has been previously reported 2 . 
Moreover, the Cur-loading efficiency was investigated for different 
initial Cur concentrations at a fixed concentration of graphene deri- 
vatives (200 ug/mL). As shown in Figure 4c, the Cur-loading on the 
graphene derivatives gradually increased with increasing initial con- 
centration of Cur in neutral and basic environments (pH 7.5-9). Of 
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Figure 3 | SEM and TEM images of different materials, (a) SEM image of GO only, (b) SEM image of DGO only, (c) SEM image of GQD. (d) SEM 
image of Curcumin. (e) SEM image of the GO-Cur composite. SEM images of the DGO-Cur composite (f) and GQD-Cur composite (g). TEM images of 
GQD alone (h) and the GQD-Cur composite (i). 



particular significance was that the loading capacity of Cur dramat- 
ically increased to 40,800 mg/g under optimal conditions for GQD 
(e.g., at pH 9 and a Cur of 1 mg). Based on our experimental data, we 
also concluded that GQD had a larger amount of Cur nano-particles 
than did GO or DGO. 

Next, we investigated the Cur-releasing behaviour of the com- 
plexes prepared at pH 9. The concentration of the released Cur 
was determined by measuring free Cur. In particular, Cur molecules 
stacked on graphene derivatives remained stable in basic and near 
neutral buffers in which about —9.8% to ~ 5% Cur was released from 
graphene derivatives at pH 7.5 or 9 in 24 h, respectively 31 . In sharp 
contrast, as much as —85% of Cur was released from graphene 
derivatives after 24 h at ~pH 5 (Figure 4d) due to protonation and 
subsequent reduced interaction between Cur and graphene deriva- 
tives in acidic environments. It is well known that pH-dependent 
drug-loading and releasing properties are favourable for cancer ther- 
apy since the microenvironments of extracellular tumours tissues 
and intracellular lysosomes and endosomes are acidic 2 , which may 
facilitate active drug release from the as-made composites. 

Cell viability of the composites. To evaluate and compare the in 
vitro cytotoxicity of the composites, we analysed the effects of GO, 
DGO, GQD, Cur, and Cur loaded with GO, DGO and GQD on the 



cell viability of HCT 116 cells, a common human colon adeno- 
carcinoma cell line. As expected, cell viability was greater than 90% 
for GO, DGO and GQD, indicating that the graphene derivatives 
were biocompatible (Figure 4e) 4 S . As shown in Figure 4e, about 90% 
of cells were killed by the Cur composites at a concentration of 
100 ug/mL. Among all of the composites tested, GQD-Cur was the 
most effective, killing more than 90% of cancer cells, while GO-Cur 
and DGO-Cur killed less than 90%. Specifically, the decrease in 
cancer cell viability with Cur alone was around 70%, which was 
low compared with other treatments under similar conditions. 
Importantly, the GQD-Cur composite was effective at low concen- 
trations (6.125 |j,g/mL), killing 40% of cells. The increased cyto- 
toxicity of the composite molecules compared with Cur alone was 
attributed to the high surface areas of GO, DGO and GQD, which 
enabled polar interactions of oxygen-containing functional groups to 
significantly enhance factors for drug-loading in the composites and/ 
or to promote cytotoxicity of the drug composites by increasing 
cellular uptake of Cur upon formation of complexes with graphene 
derivatives. In addition, Cur in the composites formed small-sized 
nanoparticles (0.15 to less than 0.1 urn) in comparison to those in 
Cur alone (~1 um) (Figure 3d), resulting in an increased number of 
reactive sites. It is worth noting that, in comparison to the high 
degree of cytotoxicity of the graphene derivative-Cur complexes, 
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Figure 4 | Behaviours of the graphene-derivatives. (a) PL intensities of the GQDs at 512 nm, (b) PL intensities of GQDs alone and curcumin-loaded 
GQDs, (c) Quantification of various concentrations of curcumin loaded at different pH values (pH 5, 7.5, and 9). (d) Curcumin retained on GO, 
DGO and GQD versus time at constant pH (pH 5, 7.5, and 9). (e) In vitro concentration-dependent cell viability of HCT 116 cells. Cells were incubated 
with free GO, DGO, GQD, GO-Cur, DGO-Cur, GQD-Cur, and free Cur for 24 hrs. 



cells incubated with pure graphene derivatives had high viability 
(>90%), suggesting that the graphene derivatives may serve as 
noncytotoxic drug nanocarriers owing to the favourable biocompati- 
bility of graphene 8 . Lastly, cytotoxicity data was compiled to 
determine the mean growth-inhibitory concentrations (IC 50 ) of the 
composites (Table SI). To further assess cell viability, cells were 
stained with FITC conjugated anti-Annexin V Abs and propidium 
iodide (PI) (Figures 5a-i) 32 . The results suggest that a synergistic 
effect was achieved in our system. Specifically, we observed that 
treatment with GQD-Cur and DGO-Cur composites increased the 
HCT116 cells death, compared with cells treated with GO-Cur or 



Cur alone (Figure 5). We also did assess cell viability test with 4,6- 
diamidine-2-phenylindole dihydrochloride (DAPI) and imaged by a 
fluorescence microscope (Figures S6a-h). In Figure S6e-h, the 
condensed and/or fragmented nuclei are marked by arrows, 
providing the evidence of cell death 33 . Cur molecules were thus 
efficiently released from complexes distributed in cells because of 
the acidic environment (pH 5.0) 31 . Consequently, the graphene 
derivative-Cur complexes accumulated in cells may have enabled 
continuous Cur release in cancer cells, ensuring sufficient Cur 
accumulation in order to achieve adequate concentration to 
continually kill cancer cells 14 . 
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In vivo tumor inhibition tests in the presence of different 
composites. Given the outstanding in vitro synergistic effect 
between DGO-Cur and GQD-Cur complexes compared with Cur 
alone, we next investigated the in vivo therapeutic effects of 
composites in mice with HCT tumors on their back. Female nude 
mice with subcutaneous xenografts were divided into groups and 
were administrated a single intratumor dose of physiological 
saline, pure DGO and GQDs, free Cur, or DGO-Cur and GQD- 
Cur complexes, respectively. Six groups of tumor-bearing mice 
with six mice per group were used in our experiment. For mice 
injected with only Cur or the graphene derivative-Cur nano- 
complexes, we chose a concentration of 5 or 10 mg/kg, respect- 
ively. As expected, the graphene derivative-based nano-complexes 
in the tumor site provided favourable enhancement of the tumor 
therapy efficiency, whereby the stable and continual release of Cur 
from Cur-graphene composites effectively killed cancer cells and 
inhibited tumor growth. Quantitative measurement of the inhibi- 
tion of tumor growth in terms of tumor volume change further 



confirmed the superior therapeutic efficacy of the graphene 
derivative-based nanocomposites. Figures 6a and S7 show the 
tumor volume measured for each group plotted as a function of 
time. The pink, red, and black lines in Figure 6a show the time- 
related increase in tumor volume for the three control groups 
treated with PBS, GQD, DGO alone, respectively. These tumors 
had average volumes (V, mm 3 ) of —1000 (pink line), —1027 (red 
line) or —1100 (black line), respectively, after 14 days of treatment. 
While tumor growth was initially inhibited to some extent (blue line) 
in the control group treated with free Cur, tumor size did eventually 
increase (Figure 6a). In striking contrast, the DGO-Cur and GQD- 
Cur groups exhibited a remarkable inhibition of tumor growth, with 
GQD-Cur- and DGO-Cur-treated mice surviving more than 14 days 
with almost no observable increase in tumor size (yellow and green 
lines in Figure 6a). Importantly, the findings for GQD-Cur- and 
DGO-Cur-treated mice were consistent with other reported 
procedures for tumor growth using nanomaterial-based drug 
carriers for cancer therapy. According to our in vivo results, the 
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Figure 5 | Representative total cell death images obtained by annexin V Abs and propidium iodide co-staining with flow cytometric analysis. HCT 116 

cells after treatment with (a) PBS, (b) GO, (c) DGO, (d) GQD, (e) Cur, (f) GO-Cur, (g) DGO-Cur, (h) GQD-Cur, and (i) total cell death score 
graph. Values are means ± SEM (n = 3). ***P < 0.001 versus PBS; ***P < 0.001 versus Curcumin. (One-way ANOVA). 
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GQD-Cur complex was also more effective than the DGO-Cur 
complex. 

Intratumoral GQD distribution in mice after injection of GQD or 
the GQD-Cur complex at 10 mg/kg was analysed by non-invasive 
imaging using an Optix in vivo imaging system (Optix MX3, ART 
Advanced Research Technologies INC, Canada) 4 . As shown in 
Figure 6e, no GQD fluorescence was detected in mice treated with 
PBS (control sample); in comparison, distinct GQD fluorescence 
signals were observed in the tumor injected with only GQD or 
GQD-Cur. However, after the release of Cur from the composite, 
the remaining GQD exhibited a fluorescence signal, while the GQD- 
Cur nano-composite had no fluorescence signal. Taken together, 
these results demonstrate that GQD nano-composites can be used 
for treating cancer and simultaneously as a bioprobe for tumor 
imaging. Indeed, according to a previous report, nanosized GQDs 
accumulated in the tumor through the reticule endothelial system 
(RES) as the GQDs were not target-specific, and the fluorescence 
decreased gradually as blood circulated 4 . Based on the excellent syn- 
ergistic therapeutic performance of the graphene nano-composite 
systems, detailed long-term retention and in vivo toxicity should 
be investigated in order to confirm their potential for clinical appli- 



cations 34 . We did not observe either death or a significant decrease in 
body weight for any of the treatments (Supplementary Figure S8). 
More importantly, long-term toxicity was evaluated by monitoring 
histological changes in the most important organs such as the liver, 
spleen, kidney, heart, and lungs. There was no observable histological 
lesion or any other adverse effect associated with administration of 
the nano-materials (Supplementary Figures S9-S14). In addition, the 
structures of the most important organs in the exposed mice were not 
different from those in the control groups (Supplementary Figure 
S9). Based on these results, graphene derivative-Cur nanoparticles 
appear to be promising candidates for synergistic and safe thera- 
peutic agents. 

Discussion 

Therefore, according to our experimental result we could conclude 
that, this is a comprehensive study of cancer therapy using ultrahigh 
hydrophobic drug-loaded via pH dependence of graphene deriva- 
tives based on their number of oxygen containing functional groups. 
GO-Cur, DGO-Cur, and GQD-Cur composites were prepared based 
on interactions between Cur and the number of oxygen-containing 
functional groups of the respective starting materials. The drug- 




Figure 6 | In vivo experimental data, (a) Relative tumor volumes of mice (n = 6) treated with PBS, DGO, GQD, DGO-Cur, GQD-Cur, and Cur; 
(b) Relative tumor weights of mice (n = 6) treated with PBS, DGO, GQD, DGO-Cur, GQD-Cur, and Cur; (c) Photographs of mice treated with PBS, 
DGO, GQD, DGO-Cur, GQD-Cur, and Cur after 14 days; (d) Photographs of tumors after 14 days of treatment with PBS, DGO, GQD, DGO-Cur, GQD- 
Cur, and Cur; (e) in vivo imaging of tumor-bearing mice after injection of GQDs and GQD-Cur (10 mg/kg). 
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loading increased with an increasing number of oxygen-containing 
functional groups of graphene derivatives, which indicated that the 
oxygen functional groups play a key role in the improvement of 
hydrophobic drug loading on the surface of graphene. This is the 
first study to demonstrate pH dependence of ultrahigh hydrophobic 
drug (Cur) loading by graphene -based nanocariers. Excitingly, the 
GQDs used in this study exhibited an ultrahigh drug-loading capa- 
city (40,800 mg/g), which is the highest value ever reported for a 
nanomaterial-based carrier. Our as-made graphene and Cur compo- 
sites contained the largest amount of Cur nano-particles and had the 
best anticancer activity in comparison to other composites including 
Cur alone at the same doses. Many previous studies have reported in 
vivo tumor images after intratumor injection of bio-probe drugs (like 
DOX); however, in our case, Cur and its GQD composites have no 
fluorescence, and it is only after the release of Cur from GQD com- 
posites that the remaining GQD exhibits a fluorescence signal. Thus, 
our data provide evidence that the maximum amount of drug was 
released from the nanoparticles that simultaneous act as a bioprobe 
for tumour imaging. 

In summary, our results show that graphene-based nanocarriers 
based on the number of oxygen-containing functional groups and 
delivered in a pH-dependent manner can be used as part of a high- 
performance hydrophobic drug-delivery platform for the antitumor 
drug Cur. Of particular significance, the graphene derivative-Cur 
complexes had an extremely large Cur-loading capacity of 
40800 mg/g, which is much higher than that previously reported 
for nanomaterial-based drug carriers. Among the various graphene 
derivatives tested, GQD was able to produce a composite and carry 
large amounts of the drug Cur. In vitro experiments revealed that the 
graphene derivative-Cur complexes facilitated Cur release and effi- 
cient cancer cell death. We further demonstrated that Cur-loaded 
graphene derivatives were highly efficacious in inhibiting tumor 
growth in vivo as mice treated with GQD-Cur or DGO-Cur survived 
more than 14 days with no detectable tumor growth. At a glance, we 
have demonstrated a synergistic effect on cancer cell viability both in 
vitro and in vivo; the graphene derivative-Cur nano -composite sys- 
tem exhibited the highest anticancer activity among all of the GQD- 
Cur composites tested, including Cur alone at the same dose. To the 
best of our knowledge, this is the first example of a synergistic che- 
motherapeutic agent targeting cancer cells in vitro and vivo using 
GQD-Cur composites that also simultaneously act as a superficial 
bioprobe for tumor imaging. Given that graphene derivatives can be 
readily produced with relatively high yield and low cost, graphene- 
based nanocarriers may serve as a practical and powerful tool for 
cancer therapy, rivalling or complementing current state-of-the-art 
nanomaterial-based nanocarriers. With its superior stability, high 
biocompatibility, and excellent synergistic therapy performance, this 
drug-delivery system may be a promising in vivo cancer therapy 
agent. This study significantly advances our knowledge of the bio- 
logical properties of Cur and graphene composites and their use in 
biomedical and biotechnological applications. Furthermore, we are 
currently investigating these composites for application in HIV treat- 
ment, as well as that for neurological, cardiovascular, and skin 
diseases. 

Methods 

Preparation of graphene oxides (GOs). GO sheets were prepared from natural 
graphite powder using the modified Hummer's method with sulfuric acid, potassium 
permanganate, and sodium nitrate 23 . 

Synthesis of double-oxidized graphene oxide (DGO) . DGO sheets were synthesized 
according to our reported procedure for as-made GO 24 . 

Synthesis of graphene quantum dots (GQD). Oxygen- containing GQDs were 
synthesized as described previously 4 . 

Synthesis of GO-Cur, DGO-Cur, and GQD-Cur composites. GO, DGO, and GQD 
nanosheets were dispersed in deionized distilled water (—200 ug/mL), and the 
solution was adjusted to pH ~ 9, and finally, five times the amount of Cur w.r.f. to 



GO, DGO and GQD was mixed in the solutions. The reaction mixture was then 
stirred at 4 °C for 30 min followed by centrifugation at 14,000 rpm for 20 min and 
washing three times with DI water, and the resulting pellet was dried under vacuum. 
In addition, GQD-Cur was collected by recrystallization of unattached Cur and 
evaporation of the resulting solution. 

The drug-loading capacity was determined as (W initia j Cu r — W Cu r in excess)/ 
(Wg^phene-d^ivatives) (mg/g) 2 , where W initia i Cu r is the initial weight of Cur added, 
W Cur in excess is the weight of Cur in the supernatant, and W graphene derivatives is the 
weight of graphene derivatives (GO, DGO and GQD). The weight of excess Cur was 
184 jig at pH = 9 and Cur concentration — 1000 ug/mL, and thus the weight of Cur 
loaded on the QGD was 816 pg. As a result, the loading capacity of Cur on GQD was 
40800 mg/g for 1 mg of Cur, while the concentration of Cur loaded on the GO and 
DGO was 20800 mg/g and 38800 mg/g, respectively, at pH — 9. Graphene deriv- 
ative-Cur complexes prepared at pH = 9 were re-suspended in DI water at different 
pH values (5, 7.5, and 9) for different times (5, 10, 15, 20 and 24 h) at room tem- 
perature. The number of Cur molecules that remained on the graphene derivative 
surfaces was calculated based on the weight of released Cur. 

Cell culture. Human colon cancer cells (HCT116) were maintained in Dulbecco's 
modified Eagle's medium (DMEM), supplemented with 10% fetal bovine serum 
(FBS) and antibiotics (10,000 pg/mL streptomycin and 10,000 unit/mL penicillin) at 
37°C in a humidified atmosphere containing 5% C0 2 (v/v). 

Cytotoxicity assay. In vitro cytotoxicity was measured using a standard colorimetric 
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) assay. For 
the MTT assay, HCTl 16 cells were seeded in a 96- well cell-culture plate at 1 X 10 4 / 
well and incubated for 12 h at 37"C under 5% C0 2 - Afterwards, HCT116 cells were 
incubated for 24 h with various concentrations (from 6.125, 12.5, 25, 50, and 100 ug/ 
mL) of GO, DGO, GQD, Cur, GO-Cur, DGO-Cur, and GQD-Cur by diluting stock 
solutions with PBS. Next, 20 pL of MTT (5 mg/mL) was added to each well, and cells 
were incubated for 4 h at 5% C0 2 and 37 IJ C. After incubation for another 4 h, the 
resultant formazan crystals were dissolved in dimethyl sulfoxide (DMED, 100 pi), 
and the absorbance intensity was measured by a microplate reader at 570 nm. All 
experiments were performed in quadruplicate, and the relative cell viability (%) was 
expressed as a percentage relative to untreated control cells. 

Flow cytometric analysis. 2X105 HCTl 16 cells/well in 6 -well plates were cultured 
with PBS, GO, DGO, GQD, Cur, GO-Cur, DGO-Cur and GQD-Cur for 24 h. Cell 
death population was measured by flow cytometry (BD FACSCalibur, BD 
biosciences, USA) using an apoptosis detection kit (BD Pharmingen, San Diego) 
according to the manufacturer's protocols. Briefly, harvested cells were stained with 
FITC conjugated anti-Annexin V Abs and propidium iodide (PI) for 15 min. Early 
apoptotic (Annexin V-positive, Pi-negative), late apoptotic (Annexin V-positive and 
Pi-positive) and necrotic (Annexin V-negative and Pi-positive) cells were included in 
total cell death determinations. 

Immunofluorescence. For 4,6-diamidino-2-phenylindole (DAPI) staining, cells 
were grown on glass coverslips until 80% confluence was reached. The cells were then 
washed with PBS, fixed in methanol ( — 20°C) for 2 min, and stained with 1 mM 
DAPI for 5 min in the dark. After washing with PBS, nuclear morphology was 
analysed by fluorescence microscopy. 

In vivo drug delivery. Six- to seven -week- old Balb/c female nude mice (weight range 
of 2 1 -25 g) were purchased from Orient Bio Inc. (Seoul, Korea) and were maintained 
on a 12-h light/12-h dark cycle (12 : 12LD) at a room temperature of 23 ± 1 C, 
humidity 40-60%, and with food and water ad libitum. Human colon cancer cells 
(HCTl 16) were trypsinized, washed twice with serum-free DMEM, and suspended at 
a density of 1 X 10 7 cells/mL PBS. An amount of 100 uL of the suspended cells was 
subcutaneously injected into the right back region of the mice. After the tumor size 
reached about 150 mm 1 , the mice were randomly divided into six groups, minimizing 
weight and tumor size differences. The mice were intratumorally administered with 
physiological saline, DGO, GQD, Cur, DGO-Cur and GQD-Cur suspensions at a 
total dose of 5 and 10 mg/kg. The tumor size of each group was measured using a 
caliper, and tumor volume was calculated using the following equation: tumor 
volume — ab 2 X 0.5236, where 'a' the maximum diameter of tumor and 'b' is the 
minimum diameter of tumor. Relative tumor volumes were calculated as V/V 0 
(V 0 was the tumor volume when the treatment was initiated). All experiments were 
performed in accordance with relevant guidelines and regulations, was approved by 
the Ethical Committee on Animal Experimentation at Sungkyunkwan University. 

Noninvasive optical imaging study. After 14 days, tumor-bearing mice were 
intratumorally receiving 10 mg/kg of the composites. Mice were anesthetized with 
ketamine (87 mg/kg) and xylazine (13 mg/kg) via intraperitoneal (IP) injection. 
Noninvasive images of the GQD-Cur, only GQD and PBS, injected mice were taken 
by an optical tomography system. Mice were placed on the imaging platform, and 
images were taken at 4 h post-injection. The 3D scanning region of interest was 
selected using a bottom-view charge -coupled device (CCD). All images were taken 
using the Optix in vivo imaging system (Optix MX3, ART Advanced Research 
Technologies INC, Canada). 

Histology analysis. For histology studies, mice were sacrificed for two weeks after 
administration. The tissues (heart, spleen, liver, lung and kidney) were collected from 
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each group and fixed in 10% formalin and embedded in paraffin. Multiple 4 um-thick 
microtome sections from tissues were stained with hematoxylin and eosin (H&E). 
The histological sections were observed under an optical microscope. 
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